ABSTRACT: Spatially resolved analysis of magnetic properties on the nanoscale remains challenging, yet strain and defects on this length-scale can profoundly affect a material's bulk performance. We present a detailed investigation of the magnetic properties of La 0.67 Sr 0.33 MnO 3 thin films in both free-standing and nanowire form and assess the role of strain and local defects in modifying the films' magnetic properties. Lorentz transmission electron microscopy is used to measure the magnetocrystalline anisotropy and to map the Curie temperature and saturation magnetization with nanometric spatial resolution. Atomic-scale defects are identified as pinning sites for magnetic domain wall propagation. Measurement of domain wall widths and crystalline strain are used to identify a strong magnetoelastic contribution to the magnetic anisotropy. Together, these results provide unique insight into the relationship between the nanostructure and magnetic functionality of a ferromagnetic complex oxide film.
T he multiplicity of functionalities available in heteroepitaxial complex oxides has stimulated intense research in recent years and suggests a variety of future microelectronic technologies.
1−6 La 1−x Sr x MnO 3 (LSMO) is one of the most studied perovskite oxides because at an optimal Sr doping of x = 0.33 it exhibits colossal magnetoresistance, high spinpolarization, and a relatively high Curie temperature of 370 K. These properties are known to be sensitive to compositional variations, particularly changes to the Sr concentration or oxygen content. 6 Epitaxial strain is also inevitable in most device configurations and can be used to manipulate 7 the LSMO magnetocrystalline anisotropy, 8 exchange bias, 9 and magnetoelectric coupling. 1 For example, a lattice mismatch with either LaAlO 3 10−12 or NdGaO 3 13−16 substrates causes a compressive strain in a deposited LSMO thin film while SrTiO 3 (STO) substrates lead to a tensile strain. The resulting anisotropy depends on the substrate orientation 8,17−21 and in the case of vicinal substrates can be used to induce a uniaxial magnetic anisotropy, 22−25 just as in metallic ferromagnets. 26 However, previous reports also indicate that the magnetic and electronic properties of LSMO are sensitive to structural defects such as grain boundaries 27 or the type of ion-induced damage that might arise during patterning, 28 and there has been much discussion of the origin and extent of magnetic "dead layers" at the surface of LSMO thin films. 29, 30 A full understanding of the intrinsic magnetic properties of LSMO, and their dependence on defects and strain, is therefore critical for the future exploitation of LSMO in device applications. Assessment of the intrinsic properties, that is, in the absence of epitaxial strain, can be hard to achieve but here we characterize the properties of a largely strain-free, free-standing LSMO film. We consider (111)-oriented LSMO, motivated in part by the enhanced structural and electronic coupling that arises at epitaxial interfaces to produce new topological phases 31 and, interestingly, exchange bias in (111)-oriented superlattices. 32 A variety of techniques have previously been used to image the magnetic domain structure of LSMO films and nanostructures, including Kerr microscopy, 33 magnetic force microscopy, 34−36 scanning electron microscopy, 37 and photoemission electron microscopy; 38−40 however, these techniques are either limited in terms of spatial resolution, which is typically tens of nanometers 41 or are purely surface sensitive and therefore blind to bulk structures. Conversely, Lorentz transmission electron microscopy (TEM) can image the subsurface magnetic structure of a thin film or nanostructure 42, 43 in projection or by the use of cross sections. In this Letter, we use scanning transmission electron microscopy (STEM) and Lorentz DPC microscopy to correlate the structural and functional properties of ferromagnetic oxide thin films. We demonstrate the novel capability of collecting magnetic, structural, and spectroscopic information with nanometre spatial resolution in a single experiment, complementing recent advances in analytical electron microscopy and spectroscopy 44, 45 with aberration corrected Lorentz DPC imaging. 46 We use these experimental advances to measure the magnetic domain wall (DW) width of a (111)-oriented La 0.67 Sr 0.33 MnO 3 single crystal film and subsequently determine the magnitude of the film's magnetic anisotropy in the absence of epitaxial strain. We map variations in the Curie temperature and assess the role of defects and damage in modulating local magnetic properties on the nanoscale, including the pinning of magnetic domain walls.
■ EXPERIMENTAL METHODS
A 120 nm thick La 0.67 Sr 0.33 MnO 3 film was deposited onto a SrTiO 3 (111) substrate by metalorganic aerosol deposition.
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Characterization of the as-deposited film is outlined in Supporting Information. In comparison to surface imaging techniques, samples for STEM characterization must be electron transparent and there has previously been difficulty in fabricating plan-view specimens from epitaxial thin films. Here, an FEI Nova focused ion beam (FIB) instrument was used to mill the STO substrate and release a largely stress-free, ∼ 100 μm 2 electron transparent membrane of LSMO. Details of the specimen preparation technique can be found elsewhere. 48 A cross-section specimen was also fabricated in order to map out-of-plane structural and functional details. 49 All characterization was conducted using a JEOL ARM-200cF scanning transmission electron microscope with a beam energy of 200 keV. The instrument is equipped with a Gatan Quantum 965 spectrometer that was used for electron energy loss spectroscopy (EELS) analysis. The sample temperature was controlled using a liquid nitrogen cooled Gatan HC3500 TEM stage. A CEOS (probe) aberration corrector was used for atomic-resolved STEM imaging and can be reconfigured to reduce the dominant spherical aberration coefficient, C s , in Lorentz mode to a few microns. This results in a Lorentz STEM probe diameter, which determines the image resolution, down to ∼1 nm. 46 Magnetic characterization was performed using Lorentz DPC imaging, where the deflection of the electron diffraction disk caused by a sample's magnetization is measured using a bespoke segmented detector (see Supporting Information). 50 It is worth noting that structural and spectroscopic analysis (EELS) were performed with the objective lens switched on while the magnetic characterization was performed with the objective lens switched off to leave the sample in an effectively field-free environment.
■ PLANAR WINDOW AND MAGNETOELASTIC

ANISOTROPY
We discuss first the freestanding LSMO membrane; its analysis is summarized in Figure 1 . A low-magnification (room temperature) bright-field TEM image of the membrane is given in Figure 1a . The membrane is imaged down the [111] axis and the (inset) selected area diffraction pattern indicates the long edge of the electron transparent region to be aligned approximately along a ⟨110⟩-type direction, as indicated. (Note that we use pseudocubic indexing for ease.) Image contrast is dominated by thickness fringes and a low density of bend contours that arise from electron interference effects 52 but do not hinder subsequent magnetic characterization. The diffraction pattern indicates that the membrane is single crystalline, from which we infer that any damage that occurred during specimen preparation has not impaired the membrane structure. DPC imaging (see schematic in Figure 1b ,c) was used to acquire a pair of orthogonal magnetic induction maps from the region enclosed by the red box in Figure 1a and in turn these were used to generate the color map in Figure 1d , which illustrates vividly the in-plane magnetic domain structure. The colors (intensities) represent the direction (magnitude) of in-plane magnetic induction in accordance with the color wheel below the image. There is strong magnetic contrast superimposed onto the diffraction contrast and bend contours described above. The abrupt diagonal red-green color change is consistent with a sharp 180°DW running diagonally across the field of view: the magnetization aligns parallel to the wall, along a ⟨110⟩-type direction of the crystal in order to minimize the magnetostatic energy of the DW, while bend contours coincidentally appear as yellow/blue streaks. This bend contour contrast can be considered an artifact; it is the result of intensity changes within the diffraction disc, rather than a deflection of the disc, and is therefore not magnetic in origin. 53 It is also noted that the color intensity is reduced at the center of the DW, which is consistent with a reduction of the in-plane magnetic induction component and thus indicates a Bloch wall structure. One might anticipate the presence of three ⟨110⟩ type easy axes for LSMO(111) as a result of the 3-fold surface symmetry, however, DWs formed repeatedly and consistently with the same orientation, indicating the presence of a uniaxial anisotropy along this direction.
We can estimate the magnitude of the anisotropy by measuring the width of the 180°DW. Figure 1e plots the signal intensity across the region of the DW enclosed by the white box in Figure 1d , fitted by a hyperbolic tangent function of the form B y (x) = B S tanh(x/δ), where x is the coordinate normal to the wall, B S is the saturation induction, and δ is the wall width parameter, usually defined in terms of a DW width of w = 1.76δ. 54 The DW width was measured at 10 locations along the wall in Figure 1d , yielding an average DW width of 35.8 ± 3.2 nm, which is comparable to that previously reported for other manganites (e.g., 38 nm for a DW along [100] in LaCaMnO 3 55 and 39 nm in LaPrCaMnO 3 56 ), although those 
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Letter values were measured at low temperature and are therefore expected to increase at room temperature. The magnitude of the anisotropy then relates to the DW width via the relation w = π(A/K) 1/2 if one assumes the DW width to be determined by exchange and anisotropy contributions alone. 57 Taking A to be 1.7 pJ/m, 58 the anisotropy was found to be K exp = 1.3 × 10 4 J/ m 3 , which is comparable to that of LSMO(110) (K U = 1.9 × 10 4 J/m 3 ). 18 We are unaware of previous measurements of the anisotropy of LSMO/STO(111) films, although BiFeO 3 − CoFe 2 O 4 (BFO−CFO) grown on STO(111) 59 exhibits an inplane anisotropy due to a triangular pillar morphology of the CFO, which resulted in a strong shape anisotropy.
Turning to the origin of the above anisotropy, we expected the magnetoelastic energy to be isotropic in LSMO(111) and for the majority of the tensile lattice strain to have relaxed within ∼10 nm of a well-lattice mismatched substrate, 60, 61 consistent with the as-deposited film. However, slight distortion of the lamella during specimen preparation produced an out-ofplane buckling that was measured by atomic force microscopy to be ∼120 nm across the ∼11.7 μm width of the window, consistent with a uniform strain of 0.02%. 48 Thus, the magnitude of the resulting magnetoelastic anisotropy can be estimated using
where Young's modulus is taken as Y = 562 GPa, 62 Δε is the estimated in-plane strain, λ s is the saturation magnetostriction (taken as 200 ppm 63 ), and ξ is the angle between the magnetization and the stress axis, which here is around 30°. We find K U = −2.7 × 10 4 J/m 3 , where the negative sign implies an in-plane easy axis. The good agreement with K exp indicates that even a low level of strain creates significant magnetoelastic anisotropy; the small discrepancy is attributed to minor thickness variations across the lamella. 48 ■ CROSS-SECTION GEOMETRY AND DOMAIN WALL PINNING Turning now to the cross-section geometry, we find crystallographic defects to play an important role in the behavior of magnetic DWs in LSMO. We fabricated a cross-section of the same 120 nm thick La 0.7 Sr 0.3 MnO 3 film using standard FIB protocols. Using EELS to determine the thickness (see below), the resulting LSMO has the form of a long thin strip with dimensions 120 nm × 15 μm × 35 nm (width × length × thickness). The magnetic behavior is therefore expected to be constrained by a shape anisotropy imposed by the rectangular form and to have two-dimensional characteristics, as the magnetization will lie predominantly in the plane of the thin lamella. These aspects facilitate comparisons with magnetic nanowires of the literature, 64 a term that we adopt here. A low-magnification overview is given in Figure 2a , which indicates high quality epitaxial growth of the LSMO onto the SrTiO 3 substrate. Regular, unexpected rectangular defects (∼25 nm × 60 nm in size) were observed across the LSMO layer but were not detected in X-ray diffraction measurements (see Supporting Information) nor observed to impede DW propagation through the plan-view lamella of Figure 1a , so are assumed to be caused by mechanical stress during preparation of the cross-section. In the current context, they are fortuitous as they allow the link between LSMO magnetization and defects to be explored. A high-angle annular dark-field (HAADF) image of the region enclosed by the red box is given in Figure 2b , which shows an isolated twinning defect. The crystal is viewed down a ⟨110⟩ axis and a (111) twinning plane lies horizontally across the middle of the image. Scanning diffraction was performed across a large field of view, allowing the defect regions to be clearly distinguished, as illustrated in Figure 2c ,d: each defect is a rectangular region of LSMO that is in a twin orientation with the surrounding film. Selected area diffraction patterns from different regions of the lamella were superimposed using false-color in order to highlight different features, that is, red diffraction spots in Figure 2d derive from the defect regions, which are vividly picked out from the surrounding LSMO matrix in Figure 2c . Similarly, the green, yellow, and blue features in the diffraction pattern represent the LSMO, STO, and Pt respectively, with the coincidence of LSMO and STO diffraction spots (which appear yellow) being consistent with the epitaxial relationship and lack of strain relaxation across the cross-section. The pseudocubic structure of perovskites makes twinning relatively common and the (111) twinning plane observed here is similar to twinned structures seen in BaTiO 3 65 and SrRuO 3 66 systems. An electron diffraction study of the latter 66 highlighted a pattern including 1/6 fractional spots aligned at 70.7°to the bulk pattern, just as in Figure 2d . This microtwinning can be considered as a stacking fault in the close-packed (111) layers and to our knowledge has not been described in LSMO 
Letter previously. Although we assume the twin defects observed here to be an artifact of the cross-section preparation rather than arising during growth, the results below suggest that inducing such defects may provide a means of controlling magnetic domain wall propagation. Figure 3 shows a map of specimen thickness, which was acquired using the EELS spectrum imaging technique. 67 The log-ratio method 68 was used to determine the relative thickness at each pixel, assuming negligible variation of material parameters throughout the film thickness. An electron mean free path 69 and thereby an absolute thickness was derived using the mean atomic number of LSMO. Note that the thicker region enclosed by the red square was an effect of prolonged scanning of the beam, resulting in an excess of carbon at this location, and can be ignored. The thickness increases by ∼10.5 nm across a ∼ 1 μm distance, thus creating a slight wedge with a mean thickness of 35 nm (excluding the region of carbon contamination). Using spectroscopy to determine the sample thickness in situ is important, because it enables the integrated magnetic induction, B s t, obtained from the DPC images to be converted to a value of B s , as explored below.
Interestingly, in situ magnetizing experiments carried out at 100 K resulted in the trapping of a head-to-head magnetic DW by the crystal defect, as illustrated by the DPC image in Figure  4a . (The orthogonal components used to generate the DPC image are presented in the Supporting Information.) The DW structure observed here arises as a result of the shape anisotropy and two-dimensional behavior induced by the constrained "nanowire" geometry and is comparable to that typically found in soft ferromagnetic nanowires such as permalloy. 70 It is similar in appearance to an asymmetric transverse DW 71 and has a width of 85 nm, which is in agreement with the expectation of a linear scaling of the extent of the wall with the nanowire width.
72 Vortex DW structures have previously been observed in a similar TEM lamella, grown on a (100) oriented substrate and prepared in cross-section to have similar dimensions and shape anisotropy to those here. 73 We confirmed the vortex state to be the lowest energy configuration using OOMMF 74 micromagnetic simulations (see Supporting Information for details). We therefore assume that pinning of the DW by the defect stabilizes the metastable structure and/or lowers the net DW energy. Indeed, the apex of the magnetic transverse wall (i.e., the intersection of the two wall sections constituting the transverse DW packet), aligns well with the structural twin boundary.
It may be observed that a 30 nm wide region at the top of the LSMO has a different appearance to the remainder of the nanowire and appears pink in Figure 4a but is believed to be magnetically dead, that is, that its magnetic induction is quenched. As discussed elsewhere, 75 contrast in DPC imaging can have nonmagnetic contributions, most notably electrostatic phase contributions (or changes in the thickness-integrated inner potential) near the boundaries between materials of different atomic number or thickness. These nonmagnetic contributions can be distinguished from Lorentz phase contrast because they do not change as the LSMO approaches its Curie temperature, as illustrated by the DPC image in Figure 4b , which was collected at 333 K. While the rest of the LSMO loses DPC contrast, the pink region is retained at 333 K and so is not magnetic in origin. That same region appears as a slightly darker stripe in STEM image of Figure 2a but is colored green in Figure 2c , indicating that it is defective but retains its crystalline character, coherent with the rest of the film. The basic perovskite periodicity is retained. The region extends too far to be consistent with the magnetic dead layer discussed elsewhere 29, 30 but previous work (e.g., ref 76.) has indicated that chemical reduction of LSMO, and the loss of oxygen from the lattice, can depress the Curie temperature of LSMO without changing its apparent crystallinity, which we assume also occurs here. What is surprising is the abrupt nature of the transition between the magnetic and nonmagnetic regions of the film, as one might otherwise expect a defect gradient that would give rise to a gradient in the magnitude of the magnetic induction.
A sensitive measure of the impact of defects is to determine the Curie temperature, which we achieve here with 3.5 nm spatial resolution using DPC Lorentz microscopy. The average saturation induction, B S , was found to be 0.61 ± 0.02 T (using the 102 K data of Figure 3a and a mean sample thickness of 35 nm), slightly smaller than the 0.65 T of the original asdeposited film (see Supporting Information), which is expected to be the result of a small amount of surface damage caused by the ion milling process. Alongside the 102 K data, images were then acquired at regular intervals up to 333 K, ending with the DPC image in Figure 4b . The average saturation induction as a function of temperature is plotted in Figure 4c . By fitting a function of the form B S (1 − T/T c ) n to the data, the Curie 
Letter temperature, T c , was found to be 349 ± 3 K. The value of n = 17 was determined by fitting the whole data set, which is in good agreement with values found elsewhere 77−80 and with the as-grown value of 353 K. The retention of a high T c is important here because it indicates that the FIB preparation has had minimal detrimental effect on the specimen because Ga + implantation has been shown to decrease T c . 81 Using the Curie temperature, the exchange stiffness can also now be estimated using molecular field theory. 82 Assuming the magnetic interaction is limited to the Mn sites with coordination number Z = 6, a spin S = 3/2, and lattice parameter a = 3.9 Å, molecular field theory yields J ≈ 3K B T c / 2ZS(S + 1) = 3.23 × 10 −22 J. The volume exchange stiffness, A, is related to the quantum mechanical exchange stiffness, J, in a cubic system by the relation A = JS 2 /a, where S is the spin of the local moments and a is the lattice parameter. This produces an exchange stiffness constant, A ex , of 1.86 pJ/m, which is in good agreement with the literature, which suggests values between 1.7 59 and 1.5 pJ/m. 83 Measuring the exchange stiffness is not trivial and is typically done through the excitation of spin waves by light, 84 neutrons, 85 or microwaves. 86 Although the method presented here does not provide a direct measure of A ex , this is an important result, as it demonstrates the feasibility of measuring fundamental material properties using electron microscopy alone.
The values of B s and T c were extracted by integrating the image intensity over a number of pixels in order to reduce noise, however, these properties may also be mapped locally in order to assess the influence of defects. Maps of B s and T c are given in Figure 5a ,b and were determined using both the DPC data and the EELS thickness map. Here, a plot of magnetic induction as a function of temperature was generated on a pixel-wise basis and fitted to the same function as used above; while inherently noisy, the maps provide a clear visual indication of the spatial trends across the image. The map of B s in Figure 5a is predominantly green in the LSMO with blue/ orange fluctuations. (Note that the pink band in Figure 5a corresponds to the magnetically dead region; the function could not be fitted to this region and as a result the B s value is zero.) A slight reduction in B s can be observed in both the rectangular defect and the triangular region within the DW (orange region) with a local mean B s of 0.4 T. A reduction at the defect can be attributed to the change in bonding configuration across the twinning boundary, which will affect the double exchange mechanism underlying the ferromagnetism. The DPC measurement at the twin boundary itself is also susceptible to intensity fluctuations within the diffraction disk due to the change in crystallography 53 to which we attribute the blue right-angled lines to the right and bottom of the defect (see Supporting Information). Apparent reductions within the triangular region of the DW itself are more surprising because the wall is not a fixed structure. However, irrespective of where the DW is positioned, thermal fluctuations of the spins within the wall may be expected to be more facile than in regions of uniform magnetization and the time-averaged, in-plane B s may therefore be reduced. The map of T c appears predominantly green, indicating that there is little variation in the local T c values, which cluster sharply around the mean value of 347 K, as evidenced by the histogram in Figure 5c (the magnetically dead region has been excluded from this plot.) A slight depression in T c is also evident in the region of the DW, which correlates nicely to the fluctuations observed in the map of B s . Some correlation between the maps of T c and B s is also clear throughout the rest of the LSMO, particularly at presumably defective regions along the upper edge of the wire. A comparison with the DPC image of the DW suggests that there are greater fluctuations near defects, which has implications for device applications and thus emphasizes the importance of atomic scale magnetic characterization in improving our understanding of defects in nanoscale systems.
■ SUMMARY AND CONCLUSIONS
Using electron microscopy techniques alone, the magnetic anisotropy of a free-standing LSMO(111) film has been determined and was found to be comparable to that of (110) orientated LSMO films. Consequently, unusually narrow DWs were observed compared with those typically found in the ferromagnetic manganites, which was attributed to mild strain in the film. These results illustrate a method of controlling magnetic anisotropy in LSMO thin films through strain engineering and provide new insights into mechanically induced anisotropy in LSMO(111). Additionally, well-defined twin boundary defects were observed to effectively pin magnetic DWs, suggesting that greater control over their formation may allow further control over the behavior of DWs in future devices.
A particularly important aspect of these results is the spatially resolved study linking defects in the physical structure of LSMO to its magnetic functionality, which is here presented with 3.5 nm spatial resolution. Throughout the length of the TEM lamella, we detected an abrupt transition from a magnetic region to a nonmagnetic layer near the surface of the film, even though the crystal structure was superficially intact, suggesting that surface damage can have a profound effect on the bulk performance of LSMO that may not be detectable by diffractive techniques alone. Our data also reveal details of the thermal behavior of spin structures inside a structurally pinned magnetic domain wall. We reveal nanoscale fluctuations in T c and B s in the vicinity of structural defects and aligned with the domain Figure 5 . Pixel-wise maps of (a) the magnitude of the saturation induction and (b) the Curie temperature highlight local variations due to defects. (Note that the color-scale in a represents magnitude only, not direction, making small variations easier to discern.) Some fluctuations appear at the location of the twin defect and pinned DW. (c) A histogram of the T c map with a peak around 345 K. The tail of the distribution above ∼350 K is an artifact of pixel-by-pixel noise. 51 
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Letter wall edges, thus demonstrating the significance of defect characterization for potential device applications using these materials. Finally, the techniques described here have allowed us to measure the local saturation induction, Curie temperature, anisotropy and exchange stiffness by Lorentz microscopy alone. We therefore emphasize that our method can determine magnetic parameters for a nanoscale region of material and can be used to characterize nanodevices, where such parameters are difficult to determine using conventional techniques. 
